Females of internally fertilizing species can significantly extend sperm lifespan and functionality during sperm storage. The mechanisms for such delayed cellular senescence remain unknown. Here, we apply current hypotheses of cellular senescence developed for diploid cells to sperm cells, and empirically test opposing predictions on the relationship between sperm metabolic rate and oxygen radical production in an insect model, the cricket Gryllus bimaculatus. Using time-resolved microfluorimetry, we found a negative correlation between metabolic rate (proportion of protein-bound NAD[P]H) and in situ intracellular oxygen radicals production in freshly ejaculated sperm. In contrast, sperm stored by females for periods of 1 h to 26 days showed a positive correlation between metabolic rate and oxygen radicals production. At the same time, stored sperm showed a 37 per cent reduced metabolic rate, and 42 per cent reduced reactive oxygen species (ROS) production, compared with freshly ejaculated sperm. Rank differences between males in ROS production and metabolic rate observed in ejaculated sperm did not predict rank differences in stored sperm. Our method of simultaneously measuring ROS production and metabolic rate of the same sample has the advantage of providing data that are independent of sperm density and any extracellular antioxidants that are proteins. Our method also excludes effects owing to accumulated hydrogen peroxide. Our results unify aspects of competing theories of cellular ageing and suggest that reducing metabolic rate may be an important means of extending stored sperm lifespan and functionality in crickets. Our data also provide a possible explanation for why traits of ejaculates sampled from the male may be rather poor predictors of paternity in sexual selection studies and likelihood of pregnancy in reproductive medicine.
INTRODUCTION
Like all other cells, sperm cells age [1] , but cellular senescence of sperm is significantly delayed during female sperm storage in internally fertilizing species [1] [2] [3] [4] [5] . While sperm live for only a few seconds to hours after ejaculation in external fertilizers [4] , they can remain alive and functionally intact for days in the sperm storage organs of most mammals, or even for weeks to years in birds, reptiles and arthropods [2, 3, [5] [6] [7] ; ant queens can fertilize eggs with sperm they received up to 30 years ago [5] . The physiological mechanisms underlying the reduction in sperm ageing have largely remained unexplored [1] [2] [3] , but sperm function is known to deteriorate considerably with oxidative damage [8] [9] [10] .
Current theories of cellular senescence, developed for diploid somatic cells, link cellular metabolic rate to cellular senescence, often via oxidative stress. Oxidative stress is an imbalance of the production and removal of reactive oxygen species (ROS) and antioxidants and can, therefore, be reduced in two main ways in sperm cells. Either ROS are scavenged as they are produced in and around sperm in the sperm stores, called passive ROS removal [1] [2] [3] 6, 7] , or intra-sperm production of ROS can be reduced by altering sperm metabolism [2] . However, it is currently debated how cell metabolic rate should be altered to reduce ROS production and for most cells, including sperm, empirical data are lacking.
We identified two broad categories of hypotheses that can be used to predict the relationship between sperm metabolic rate and sperm ROS production. In most cells, 90 per cent of cellular ROS are produced by the mitochondria [11] . Mitochondrial biologists have specified that metabolically active mitochondria have high ATP production rates and low membrane potential and, therefore, produce very few ROS [11 -15] . This hypothesis predicts that fewer ROS are produced when sperm metabolism is increased. It may be consistent with the long and widely held belief that sperm are nourished by the female during storage [2, 3] . If additional nourishment maintains a high metabolic rate under constant oxygen pressure, ROS production is predicted to be reduced during female sperm storage.
In contrast, high membrane potentials are observed and high rates of ROS production are expected if metabolic rate increases with increasing tissue oxygen pressure, with more mitochondria or when more mitochondria are in a resting stage [11] [12] [13] [14] [15] . This hypothesis is in agreement with the well-known caloric restriction theory [16] , the increasingly challenged [11] [12] [13] [14] [15] oxygen free radical theory of ageing [17] and the observation that mitochondrial ROS can negatively affect sperm function [8] . Caloric restriction and the oxygen free radical theories of ageing both predict that decreasing, rather than increasing, the metabolic rate reduces cellular ROS production and senescence. For sperm cells, proposed mechanisms include the reduction of metabolic rate by binding sperm to epithelia and thereby increasing local sperm density or reducing the activity of mitochondria in sperm [1] [2] [3] 6, 9] .
While a change in sperm ROS production during sperm storage may indicate female interference with sperm metabolism, it may also be male-driven. For example, sperm of some species switch to a glycolytic pathway in vitro [10, 18, 19] . From such metabolic changes in the absence of female influences, one might infer the existence of a sperm trigger to reduce ROS production. The existence of a sperm trigger predicts that sperm stored in vitro show reduced ROS production.
In summary, predictions about the relationship between metabolic rate and ROS production derived from diploid cell metabolism theory are partially contrary. Applied to a wide range of sperm physiologies [2] [3] [4] 8, 10, 18, 19] , hypotheses have mainly focused on reducing ROS by reducing sperm metabolism but empirical data on sperm metabolism in the female reproductive tract are lacking, even for the basic prediction that during storage sperm ROS production should be reduced. Here, we address this fundamental prediction by introducing fluorescence-lifetime technology to sperm analysis. Our technology uniquely monitors cell metabolic rate and ROS production simultaneously. It also allows us to measure the in situ intra-sperm ROS production, rather than the concentration of accumulated ROS, enabling us to quantify active female antioxidant processes independently of any proposed passive ones [2, 3, 7] . We chose the cricket Gryllus bimaculatus as a model species because in this species, as in humans, ejaculated sperm can be sampled non-destructively and from the male without prior contact with female substances. Females can store sperm for several weeks before fertilizing the eggs [20] . From the same male, we compared sperm when freshly ejaculated and when stored by the female. This allowed us to examine the assumption in sexual selection studies and reproductive medicine assessments that sperm traits of freshly ejaculated sperm predict pregnancy or paternity.
MATERIAL AND METHODS
(a) Measuring metabolic rate by NAD(P)H fluorescence NAD(P)H is found either free in solution or bound to protein. Total NAD(P)H decreases with increasing ATP production, but free NAD(P)H is used up first [21] . Consequently, the proportion of bound-NAD(P)H relative to total NAD(P)H increases with increasing metabolic rate. Free NAD(P)H is autofluorescent with an emission peak at 460 nm and a lifetime t 1 of less than 1 ns, whereas the emission maximum of protein-bound NAD(P)H is blue shifted and its lifetime t 2 several-fold longer (2 -10 ns) [21] [22] [23] [24] [25] [26] . If the relative contributions of the amplitudes of t 1 and t 2 are a 1 for free NAD(P)H and a 2 for bound-NAD(P)H, then a 2 /(a 1 þ a 2 ) gives an estimate of the metabolic rate [22] [23] [24] [25] [26] .
(b) Reactive oxygen species measurement by 1-pyrene butyric acid fluorescence 1-Pyrene butyric acid (PBA) is a well-characterized, cell permeable oxygen probe used for free radical measurements in solution [27] and in living cells [28, 29] . Upon collision with PBA, oxygen free radicals change PBA fluorescence intensity and decrease fluorescence lifetime. The method is particularly sensitive to small, mobile radical molecules such as superoxide radical (O À 2 ) and nitric oxide (NO8) [27] [28] [29] , but does not respond to the hydroxyl radical (which has too short a half-life). Non-radical ROS, such as hydrogen peroxide and peroxynitrite, do not affect PBA lifetime either [28] . Therefore, by measuring the concentration of free radicals with short half-life (less than 20 min) while simultaneously disregarding the concentration of the stable (and hence accumulating) hydrogen peroxide to which these radicals dismute, we can obtain an estimate of the in situ (i.e. less than 20 min half-life) production of ROS. Importantly, because membrane crossing by external oxidants or antioxidants is several orders of magnitude slower than PBA fluorescence changes, the occurrence of chemical reactions between oxygen radicals and antioxidants is unlikely to affect the results. In addition, PBA preferentially binds to dissolved proteins [28] rather than entering cellular membranes, so that a PBA signal obtained from sperm indicates that extracellular antioxidant proteins are absent.
A decrease in PBA fluorescence lifetime is related to an increase in concentrations of oxygen free radicals (see §2e). Measuring ROS production by PBA fluorescence changes has a number of additional advantages over other approaches. Fluorescence lifetime is independent of (i) intracellular probe concentration [28] and (ii) of the cell density in the sample. Furthermore, unlike the lucigenin-based ROS measurements routinely used in clinical settings that have been criticized because this method produces ROS itself [30] , our method does not generate ROS. Finally, PBA is insensitive to alterations in the lipid concentration of the membrane [31] suggesting that even if such changes do occur (for example, during mammalian sperm capacitation [32] ), they would not affect the fluorescence lifetime of PBA.
(c) Relevant aspects of the sperm biology of Gryllus bimaculatus Cricket sperm are ca 1 mm long, of needle-like shape and have two long mitochondria, called mitochondrial derivatives, alongside the axoneme (sperm 'tail') [33] . In G. bimaculatus, spermatozoa are moved from the testes into a container called the spermatophore, the placement of which in an abdominal pouch triggers male calling to attract females [34] . The male attaches the spermatophore to the genital opening of the female, after which sperm migrate through a tube into the female sperm storage organ, the spermatheca, situated at the end of the genital tract [35] . Sperm are stored in the spermatheca and used for fertilization at the moment of egg-laying. Single-mated G. bimaculatus females can lay eggs from stored sperm for a period of ca five weeks [20] .
(d) Sample preparation and staining procedure The sperm-containing spermatophore was removed from the male using forceps and placed into a drop of 40 ml buffer (see electronic supplementary material, methods) on a microscope slide and broken at the nexus. Sperm that had been pumped out from the spermatophore (the majority Sperm metabolism during sperm storage A.-C. Ribou & K. Reinhardt 2197 within 10 min) were collected using a pipette before seminal proteins started to flow out of the spermatophore [36, 37] because seminal fluids have been shown to affect sperm mortality [37, 38] and so possibly metabolism in some insect species. Sperm were placed into a 20 ml drop of 1 mM PBA, incubated for 4 min and washed three times in three different drops of 20 ml of buffer on a microscope slide by drawing the sperm solution ten times up and down a pipette. The sperm were then pipetted into 10 ml buffer in the centre of a Sykes-Moore chamber. ROS concentration was measured in this chamber (see §2e).
To collect sperm from the female storage organ, female crickets were decapitated, cut ventrally and placed in a dissection bowl filled with buffer, after which the spermatheca was removed, rinsed on the outside in 20 ml buffer and placed into a new 20 ml drop. The spermatheca was opened by tearing its ends apart carefully, which released a single clump of sperm into buffer that was then transferred into 20 ml 1 mM PBA. Sperm volume was estimated based on the filling stage of the spermatheca. It ranged from very low (1), to normal (5) or large volume (10), a scale that was based on previous experience of one of the authors (K.R.). PBA incubation and the washing procedure were identical to that described for males.
Dead sperm with intact membranes were needed to calculate lifetime t 0 (see §2e), which is terminated when ROS production stops. These sperm were handled as described above, but after rinsing in buffer they were fixed in Baker solution (10% paraformaldehyde in 1% aqueous calcium chloride) for 15-20 min [28] .
(e) Measurement of metabolic rate and reactive oxygen species production Using time-resolved microfluorimetry, we recorded the fluorescence decay of sperm cells loaded with PBA [28] (electronic supplementary material, methods). Fluorescence decay was partitioned into three exponentials and their lifetime and amplitude obtained as described previously [27] [28] [29] . The shortest two decays t 1 and t 2 correspond to the autofluorescence of the free and protein-bound forms of NAD(P)H. In order to relate their amplitudes a 1 and a 2 directly to changes in the sperm metabolic rate, we calculated the relative change in metabolic rate as [a 2 /(a 1 þ a 2 )]/ [(a 2reference /(a 1reference þ a 2reference )], where a 1reference and a 2reference are the mean fluorescence amplitudes of freshly ejaculated sperm for free NAD(P)H (a 1 ) and bound-NAD(P)H (a 2 ), respectively. The third time constant (t 3 . 100 ns) is characteristic of pyrene derivatives.
Absolute radical concentrations cannot be obtained with our method but the change in fluorescence lifetime is proportional to a change in ROS production and can be calculated applying the Stern -Volmer equation [39] to the fluorescence-lifetime data, t 3 :
where t sample was the fluorescence lifetime measured in the sample, t reference the mean fluorescence lifetime of all samples of ejaculated sperm and t 0 (155 ns) the fluorescence lifetime measured in the absence of ROS production (cells dead, fixed with Baker solution). The mean of all samples of ejaculated sperm was set at 100 per cent, so that plots give ejaculate-specific values relative to that mean.
(f) Study design and statistical analysis Virgin female crickets 6 -12 days post-eclosion were kept for 2 h with a previously sexually isolated male, providing sufficient time for one or two matings. After this, males and females were kept individually. Sperm was sampled from the male as described in §2d. Females were kept until their storage organs were examined at a predetermined date (see §2d ). In females, the time between mating and examination was 1 h to 28 days, which represents the normal postejaculation sperm lifespan in the female body [20] . Using the statistical software R v. 2.13.1.
[40], we combined cross-sectional and longitudinal (repeated measures) data in a mixed-model approach [41] . PBA fluorescence lifetime [PBA] and sperm metabolic rate were modelled as a function of whether sperm was ejaculated or female-stored [storage], its handling time, and the interaction between storage and handling times. All effects were nested within male identity (i.e. sperm genotype) as a random effect [42] (electronic supplementary material). If ROS production (or metabolic rate) in stored sperm can be predicted from ROS production (or metabolic rate) in ejaculated sperm, a positive correlation between ejaculated and stored sperm is necessary. We calculated the intraclass correlation coefficient and 95% CI of ROS production and metabolic rate between ejaculated sperm across to stored sperm, using ICC.lme in the psychometric package in R [40] (electronic supplementary material).
RESULTS
Sperm metabolism differed fundamentally between freshly ejaculated and stored sperm (interaction storage Â PBA: P , 0.0001; electronic supplementary material, table S2). This interaction was probably driven by a positive relationship between metabolic rate and ROS production in sperm stored by females and no, or a negative, relationship in males ( figure 1 ).
Freshly ejaculated, semen-free sperm showed mean intracellular PBA lifetimes of t 3 ¼ 133. The difference in fluorescence lifetime was statistically significant for sperm from the same male either in female storage or when freshly ejaculated (P , 0.0001; electronic supplementary material, table S1). The mean difference of 7.8 ns translates into a 41.9 per cent lower ROS production by stored than freshly ejaculated sperm (figure 2). ROS reduction was observed in stored sperm as early as 1 h after mating (figure 2), but not in sperm kept in vitro without exposure to female substances (figure 2).
On average, the sperm metabolic rate was 37.2 per cent lower in stored sperm when compared with freshly ejaculated sperm from the same male (electronic supplementary material, figure S1, storage: P ¼ 0.0001; electronic supplementary material, table S2). Both metabolic rate and ROS production in stored sperm stayed at a low level for the entire experimental period figure S1 ).
Examining the subset of males in which sperm were measured immediately after ejaculation and within 24 h of storage (n ¼ 9 paired samples) showed that the mean difference was 6.9 ns, i.e. 27.7 per cent lower ROS in the female, or 32.9 per cent lower metabolism. However, ROS production in the male did not significantly predict Figure 2. Reduced production of oxygen free radicals in stored sperm by females of the cricket, Gryllus bimaculatus. Sperm stored by females (open diamonds; all are independent data points) show substantially reduced oxygen radical production compared with freshly ejaculated sperm (black diamonds; male sample mean 100%) and freshly ejaculated sperm kept alive in vitro in saline buffer (grey diamonds). Lines connecting male and female samples denote paired measurements of sperm from the same male, when freshly ejaculated and after being in storage for less than 1 day. 4. DISCUSSION Our study shows that NAD(P)H fluorescence measurements to characterize metabolic rate, mainly used in cancer and stem cell research, can solve questions in reproductive and evolutionary biology. To the best of our knowledge, this is among the first studies that simultaneously examine cell metabolic rate and ROS production. Our study had three important outcomes. First, we report for the first time that sperm undergo a reversal of the relationship between ROS production and metabolic rate after contact with the female reproductive tract. Second, because we measured the production of ROS (rather than their accumulation), our results are in agreement with the fundamental, but previously untested assumption that ROS reduction during sperm storage is based on an interference with sperm metabolism [3] and that females contribute to this interference. Third, in our limited sample, ranks of between-male differences in metabolic rate were not maintained in the female, suggesting that metabolism of ejaculated sperm is not a good predictor of metabolism in stored sperm. Below, we discuss these three outcomes further after critically examining the effect of sampling bias.
(a) Is reactive oxygen species reduction caused by sampling bias? In a related cricket species, more recently produced sperm cells were over-represented in the female storage organ compared with the male reproductive duct [43] . This raises the possibility that we have not demonstrated a reduction in ROS production in stored sperm but merely sampled later-produced (younger), low ROS-producing sperm cohorts that might have been preferentially stored by the female. This argument predicts that ROS variation in stored sperm is part of the variation in ejaculated sperm. Because figure 1 shows that there is little overlap in PBA lifetime between male and female sperm samples (variation along the y-axis), ROS reduction in stored sperm is either not, or only partly, caused by biased sampling of sperm age cohorts.
(b) The relationship between metabolic rate and reactive oxygen species production Increased cellular metabolic rate lowers the membrane potential and decreases the production of ROS when the tissue oxygen pressure remains constant [11 -15, §1] . Applied to our data of ejaculated sperm, this suggests that the surrounding oxygen pressure must have been constant (and the effect sustained until we measured the sperm). In contrast, if increased ROS production is caused by increased metabolic rate under higher tissue oxygen pressure [11 -15] , the sperm metabolic rate may have been reduced by decreasing the oxygen pressure in the spermatheca. It is also possible that a hypoxic pathway of sperm metabolism is induced in the female. However, there are at least two arguments that call for caution in accepting the latter hypothesis as a general explanation: (i) cell metabolism under hypoxia commonly results in significant ROS production [42, 44] and (ii) hypoxic/ anaerobic glycolysis may be limited as it mainly occurs in the cytoplasm, which is barely present in sperm cells.
(c) Sperm storage, reactive oxygen species reduction and sperm lifespan Several general mechanisms have been proposed that reduce the fertilization ability of oxidative stressdamaged, or otherwise aged, sperm [1] [2] [3] 6, 7, 10] . For example, den Boer et al. [45] have recently shown that towards the end of the sperm storage period ant queens use more sperm per egg, and have proposed that this is a safeguard mechanism against fertilization with aged sperm. Here, we add that female effects alter sperm metabolism in such a way that ROS production is reduced. This begs the question of what contribution a ca 40 per cent reduction in ROS production would make. The honeybee is one of the few species where cellular lifespan has been estimated for both male-collected and female-stored sperm. Sperm can be quite robust even if collected from the male, it took 1 year for most sperm to die in vitro under room temperature [46] , i.e. without any female influence. Assuming that oxidative damage is linearly proportional to ROS production, and that oxidative damage at a certain threshold leads to cell death, a 40 per cent lower rate translates into a predicted 0.7-year increase in sperm lifespan in the honeybee queen. This compares favourably with the mean reproductive lifespan of 1 -2 years reported for honeybee queens [47] . It is, therefore, possible that the change in metabolic rate during sperm storage may by itself explain a substantial part of sperm lifespan extension during storage, even without invoking antioxidant scavenging.
The rapid and extended reduction in ROS production in crickets provides a clue as to a likely mechanism for reducing ROS production in stored sperm. Previous research has shown that female moths and grasshoppers can alter sperm morphologically by building an extra membrane around sperm [48, 49] . However, such changes occurred only after 2 days of sperm storage [48, 49] rather than as rapidly as we measured the metabolic changes (within 1 h after contact with the female). This suggests a physiological alteration of sperm metabolism rather than a morphological one. We note that ROS reduction was of similar magnitude to metabolic reduction, suggesting that the two might be linearly related over the sperm lifespan that we studied.
We found ROS reduction over an extended period of sperm storage. Similar to tumor cells whose experimentally altered metabolic rate is maintained in culture when the cells are returned to normoxic conditions [50] , it is possible that a single female signal on sperm metabolism has a sustained effect for the entire period of sperm storage [20] . Alternatively, female effects may continuously interfere with sperm ROS production and metabolism. In two insect species, sperm storage has been shown to be costly to females [51, 52] . Given that in one of them, the costs were found late in the storage period [51] but not early (as expected under a on-off manipulation upon receipt of sperm), we currently consider a continuous interference more likely.
There is another issue that possibly connects ROS, sperm storage and sperm lifespan. It is generally assumed that the superoxide anion and other ROS cause cellular damage and senescence, but some recent studies have suggested that ROS may be the molecules used by damaged cells to elicit repair mechanisms [14, 15, 53, 54] . Sperm may represent an interesting model system to further test this idea as the sperm nucleus is transcriptionally silent because sperm lack many repair mechanisms [8] [9] [10] 55] and because the small volume of cytoplasm in sperm cells provides only limited space to induce repair. If major repair mechanisms are lacking, then one may also predict a reduced need to induce them. For our system, the proposed inverse causation of ROS being the consequence, not the cause, of cellular damage [53] would predict that the reduced production of sperm ROS (including the superoxide anion) leads to reduced sperm repair during storage.
(d) Sperm metabolism and sperm function tests in sexual selection and reproductive medicine While freeze storage probably shuts down sperm metabolism completely, our data show that sperm in females maintain a basic metabolic rate and some constant rate of ROS production. Testing whether constant ROS production translates into a continuous functional decay by oxidative damage, or results in sudden cell death without a preceding reduction in cell functionality, is decisive for predicting male and female strategies to circumvent sperm ageing [1] . If sperm functionality decreases, then the interaction between sperm genotype and the sperm environment, i.e. the sperm phenotype, will probably be a better predictor of paternity than male or female genotype in isolation [1] .
If sperm functionality does not decline during storage or during the sperm's lifetime, then variation in sperm metabolic rate during sperm storage may qualify as the currently unknown [56] physiological mechanism that connects variation in sperm traits with variation in male reproductive success [57] . For example, it is currently unknown how differences in sperm length cause variation in male reproductive success (see Gage & Morrow [58] for a cricket example). It seems possible that these differences may be related to sperm of different lengths having different metabolic rates. However, the latter study also included female effects of postcopulatory sexual selection [56] , which might be consistent with our observation that differences in sperm ROS production and metabolism between males changed after storage by the female. The notion that a considerable part of sperm performance in the female cannot be predicted from sperm function tests of freshly ejaculated sperm runs counter to current practice in clinical and veterinary reproductive biology [8, 59] and sexual selection research [56] that seek to predict the likelihood of conception or paternity from function tests of ejaculated sperm. Clinical and evolutionary studies have noted that sperm functions have considerably improved predictability when measured after sperm had contact with the female reproductive tract [60] (but see other studies [59, 61] ). In these, as in our study, it is possible that (i) maleÂfemale genotype interactions for sperm metabolism and ROS production are strong [62] , (ii) natural selection for reduced ROS sperm damage in females [1] [2] [3] may override sexually selected differences in sperm function or (iii) the sperm metabolic phenotype is better explained by the sperm environment, including the female reproductive tract, than by the sperm genotype [1, 3] .
CONCLUSION
We introduced technology that simultaneously measures sperm metabolic rate and ROS production. We demonstrated a marked difference in metabolic rate between ejaculated and spermatheca-stored sperm, which is consistent with the notion that sperm metabolism and ROS production are reduced in unison. This suggests that future comparative studies testing the relationship between female-mediated sperm lifespan extension and metabolic rate might be fruitful. We also found that differences in sperm metabolism and ROS production between males were not consistently upheld across females that stored ejaculates. Future studies should, therefore, address the repeatability across ejaculates within males and the genetic basis of between-male and between-female (spermathecal) variation in sperm metabolism. Our results make a potentially interesting connection between the seemingly contradictory views of metabolic rate and ROS production (see §1) and may have implications for future research and methodology in evolutionary and senescence biology, as well as reproductive medicine.
